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ABSTRACT 

In this thesis, a mathematical model for the gas exchange in sorghum is 

studied. The main problem considered is whether sorghum may be genetically 

manipidated in order to maximize productivity while minimizing water loss. A 

background is provided on the gas exchange system in plants and on the collection 

of the data used in this study. The model as developed by Kuppers and Schulze [9] 

and the results of their study are discussed in detail. The model is then applied 

to the sorghum data and the results are found to be statistically significant 

but not biologically significant. The two models are then compared and the 

problems with the model are discussed. The results show that it will be possible 

to genetically increase productivity without increasing water loss. 
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CHAPTER I 

INTRODUCTION 

In this introduction, the importance of Sorghum {Sorghum bicolor) as an 

economicEdly important crop on the South Plains will be discussed. In addition, 

there will be justification for the study of mathematically modeling gas exchanges 

in this species. A brief introduction to the model used in this study will be 

presented and its limitations discussed. 

Sorghum is generally adapted to arid and semi-arid conditions and is often 

grown where the environment is too harsh for other grains such as rice or maize 

([5], Krieg). Some characteristics that enable this grain to survive in such dry 

conditions are a fairly deep, extensive root system which enables it to make max

imum use of the available water in the soil, a waxy "bloom" covering stems and 

leaves that reduces water loss from transpiration, and a system of leaf orientation 

and stomatal regulation which enables it to maximize water use. 

Although sorghum is better adapted to arid conditions than are most plants, 

it would be beneficial to determine whether or not it is possible to increase pho-

tosynthetic rate (and thus production) without increasing water loss. There is a 

tremendous genetic diversity in sorghum and finding a more water use efficient 

strain may be possible. However, Krieg [7] suggests that if stomata represent the 

primary limitation to photosynthesis, then there would be no opportunity for in

creasing photosynthesisrconductance ratios genetically. Therefore, before varying 

sorghum genetically, one must determine the role of stomata in photosynthesis. 

In order to better understand this gas exchange system and its limitations to 

genetic variability, a review of the leaf-air gas exchange system is provided in 

Chapter 2. 

One way to determine the importance of stomata on photosynthesis is to 

develop a mathematical model representing the factors affecting stomatal opening 

and thus gas exchange, Farquhar and Sharkey [3] have suggested that although 

conductance and photosynthesis m.ay change in a parallel manner, particularly on 



a diurnal basis, this does not establish a cause and effect relationship. They feel 

that the usual linear analysis often incorrectly indicated large stomatal influences 

on photosynthetic rate. Many of the linear relationships between photosynthesis 

and stomatal conductance were established under greenhouse or growth chamber 

conditions. It cannot be assumed that the same relationship will exist under field 

conditions. A model that allows for nonlinearity should therefore be considered. 

Kuppers and Schulze [9] developed a model of CO2 uptake (photosynthesis) 

and water loss in leaves using steady-state responses of gas exchange to envi

ronmental factors. The model is divided into a photosynthesis submodel which 

describes the response of CO2 uptake to light and temperature, and a stomatal 

submodel which describes the response of leaf conductance to temperature and 

humidity. The two submodels are then combined by a relationship between the 

light-dependence of both conductance and photosynthesis. The final model is 

thus a description of conductance and photosynthesis in terms of factors easily 

obtained in the field. A detailed review of the Kuppers and Schulze gas exchange 

model will be presented in Chapter 3. 

The model briefly described in the above paragraph is useful in determining 

the relationship between photosynthesis and stomata in plants. It can be applied 

in particular to sorghum to examine the possibility of optimizing CO2 uptake 

while minimizing E2O loss. The primary purpose of this paper is to apply this 

model as developed by Kuppers and Schulze [9] to a field study done on sorghum 

and to determine what relationship, if any, exists between photosynthesis and 

stomata. The results of this study are discussed in Chapter 4. 

Although the model as developed by Kuppers and Schulze is shown in Chap

ter 4 to be an accurate and statistically sound method of modeling gas exchange, 

there are several problems which arise in the analyses. These are discussed in 

the final chapter. It will be shown that the model does enable predictions to be 

m.ade about photosynthesis and stomatal conductance through easily obtainable 

environmental data, but that these predictions axe not biologically significant. It 

will also be shown that stomata are not a significant limiting factor in photosyn

thesis. Therefore it should be possible to genetically vary sorghum in order to 

optimize productivity without increasing water use. 



CHAPTER II 

THE PROBLEM 

In order to understand the problem of gas exchange in sorghum, one must first 

understand the many factors involved. In this chapter, a brief review of the gas 

exchange system will be discussed along with a description of the environmental 

factors which may influence it. This chapter also contains a description of how the 

data used in this thesis was obtained. Brief descriptions of the various problems 

addressed in the thesis are also included. 

2.1 Gas Exchange in Plants 

In this section, the environmental factors influencing gas exchange in plants 

will be discussed. Understanding these environmental factors and how they in

fluence transpiration (the evaporation of water from a leaf) and photosynthesis 

(CO2 absorption into a leaf) can be very difficult because of the complicated 

interelations between plants and their environment. Environmental factors in

fluence both the actual process of gas exchange, and the reaction of the stomata 

on the leaf's surface through which over ninety percent of all water and CO2 

pass. A good example of these complex interactions is taken from Salisbury and 

Ross [12]: 

Increased leaf temperature, for example, promotes evaporation 
considerably and diffusion sHghtly but may cause the stomata to 
close, or to open wider, depending on species. At dawn, stomata 
open in response to the increasing light, and the light increases the 
temperature of the leaf. The increasing temperature allows the air to 
hold more moisture, so evaporation is promoted, and perhaps stom
atal aperture is affected. Wind brings more CO2 and blows away 
the water vapor, causing an increase in evaporation and CO2 uptake. 
But if the leaf is warmed above air temperature by sunlight, wind 
will lower its temperature, causing a decrease in transpiration... 

As can be inferred from this quotation, the factors which influence gas exchanges 

are very complicated. 



The surface of a leaf is covered by a waxy, protective substance called the 

cuticle which restricts water and gas exchange. Exchanges on the surface of the 

leaf are thus primarily restricted to small pores, the stomata. Stomata sometimes 

occur only on the bottoms of leaves but are often foimd on both tops and bottoms 

with the majority on the bottom. There are exceptions; grasses usual!}' have 

about the same amount on both sides since there is no "bottom," and since 

transpiration will not occur in water, waterlily pads have stomata only on top 

and underwater plants have none at all. Figure 1 in the Appendix, taken from 

Bidwell [1], shows a typical stomate with its bordering kidney-shaped guard cells. 

The guard cells determine whether the stomate is open or closed and therefore 

regulate the CO2 and water exchanges. 

Many environmental factors cause the guard cells to open and close the stom

ata. Salisbury and Ross [12] use the following examples. Stomata open at sunrise 

and close at sunset in response to light, with brighter light causing a wider open

ing. Low concentrations of CO2 in the leaf also cause stomata to open. The 

primary reason stomata of most species open in light is uptake of CO2 by leaf 

cells during photosynthesis. When a plant is water stressed, the stomata will 

close to reduce the amount of transpiration. In temperately adapted plants, 

such as soybeans and corn, high temperatures will lead to stomatal closing in 

order to reduce the loss of water. Tropically adapted plants such as cotton and 

grain sorghum will react in an opposite manner however, opening their stomata 

in high heat so that the increased transpiration will cool the leaf. Stomata will 

sometimes partially close when the leaf is exposed to breezes. This is probably 

due to an increase in CO2 being brought near the leai. High winds, however, 

may cause stomatal closing due to an increase in transpiration, thus an increase 

in water stress. 

Figure 2 in the Appendix, taken from Salisbury and Ross [12], shows the gas 

exchange mechanisms in plants. There are two important feedback loops shown-

one for CO2 and one for 5̂ 2 0 , both of which control stomatal action. On the 

left, the drawing shows the effects of light. Light is absorbed by the plant which 

promotes photosynthesis. This lowers CO2 levels in the leaf which causes more 

potassium ions [K"^) to move into the guard cells. Water enters in response to 

the increased osmotica which causes the stomata to open. As mentioned in the 



previous paragraph, light has a direct effect on the stomatal opening as well as 

a biochemical effect as shown in the diagram. On the right side of the figure, 

the effects of water stress are shown. When more water is exiting than can be 

provided by the roots, abscisic acid (ABA) is released from leaf cells. This leads 

to a movement of potassium ions out of the guard cells. Water can no longer be 

retained due to loss of osmotica, so stomata close. If drying occurs extremely 

rapidly, water is lost from the guard cells directly, bypassing the release of ABA, 

but with the same results. 

Two factors affecting gas exchange that are not depicted in the diagram 

are air temperature and leaf temperature. If the leaf temperature and the air 

temperature are different, heat will be exchanged directly by convection, that is, 

the exchange of heat molecules on the leaf surface with the air. The greater the 

temperature difference, the greater the convection. Indirectly, leaf temperature 

also affects the amount of transpiration, since transpiration cools the leaf as water 

is evaporated reducing the gradient between the leaf and air. 

Transpiration has been mentioned as an important method of gas exchange 

in plants. The most important factor directly infiuencing the amount of tran

spiration is the leaf-air water vapor concentration difference at a given leaf con

ductance. Leaf-air water vapor concentration difference {Aw) is a function of 

humidity and temperature and conductance is a measure of stomatal opening and 

is therefore a measure of the ability of CO2 to enter the leaf. Factors which affect 

stomatal opening thus also affect transpiration at a constant Aw. Conductance 

{g) is related to transpiration {E) by the following equation 

E = gAw (2.1) 

as given by Kuppers and Schulze, [9]. 

The more important factors involved in gas exchange in plants are light, 

temperature, the amount of water stress, photosynthesis and conductance (or 

transpiration). In order to determine the complicated dynamical relationships 

between these factors, a mathematical or statistical model must be developed. 

The model applied in this study was an empirical model of CO2 uptake and 

water loss of leaves as functions of the environmental factors that was described 

by Kuppers and Schulze [9]. This model was developed on Pinus silvestris under 



controlled laboratory conditions. Through linear and nonlinear regression anal

yses, a similar model will be developed using data on sorghum obtained in the 

field under a broad range of environmental conditions. 

As can be seen in this section, there are many complicated interesting fac

tors that influence gas exchange in plants. A mathematical model is necessary 

to understand these processes. The following section will briefly describe the 

acquisition of the data used in this study to develop such a model. 

2.2 The Data 

The data used in this study was obtained in a field experiment conducted 

at the Texas Tech University Plant Water Stress Laboratory, in Terry County, 

Texas for the purpose of a study on osmotic adjustment ([4], Girma). Sorghum 

(cv. ATx623 X RTx430) was planted on May 29, 1985, in a fine loamy sand soil 

type. The planting was done in a randomized complete block design with four 

irrigation levels and four replications. Each plot consisted of ten rows, spaced 

0.68 m apart and 15 m long. Water was applied with an automated trickle 

irrigation system based on the accumulative pan evaporation of the previous three 

days. Replacement was equivalent to 100%(fully irrigated), 50%(mild stress), and 

0%(stressed) of this amount. The fourth irrigation treatment was a combination 

which received full irrigation until flowering and then receiving none until harvest. 

Data was taken in approximately fifteen-day intervals on the uppermost fully 

expanded sorghum leaf throughout the growing season. In order to measure a 

diurnal effect as well as a temporal effect, measurements were taken at two-hour 

intervals, beginning at dawn and continuing until 2000 or 2400 hours. Leaf water 

potential was determined using Merrill "leaf-cutter" psychrometers. The method 

is described in detail in Girma [4]. The photosynthetic rate {A) was determined 

at selected times, as a function of water potential (tup), with a CO2 technique 

described by Clegg [2]. 

The remaining data taken that was pertinent to this study, leaf conductance, 

transpiration, irradiance, humidity, leaf temperature, and cuvette (air) temper

ature was measured with a Li-Cor 1600 Steady State Porometer. First, data is 

taken from the top of the leaf and then from the bottom. Data used in this study, 



therefore, is primarily an average of the two measurements. The photosynthetic 

rate {CO2 uptake) was only measured at certain times so only part of the data 

was complete and therefore used in this studj'. Additional details concerning the 

compiling of this data can be found in the dissertation of F. Girma [4]. 

2.3 Conclusion 

The system that includes the gas exchange mechanisms on the surface of a 

leaf and all the factors that influence that exchange, is a very complicated one. 

A way to simplify this system is to develop a mathematical model. Kuppers and 

Schulze [9] have proposed an empirical model of gas exchange as a function of 

several environmental factors. A field study was performed on grain sorghum 

and the Kuppers and Schulze model will be applied to the data. In the following 

chapter, the results of Kiippers' and Schulze's study on Pinus silvestris will be 

examined. 



CHAPTER III 

THE MODEL 

In the previous chapter, a gas exchange model developed by Kuppers and 

Schulze [9] was introduced and described briefly. The proposed model com

pared photosynthesis and stomatal conductance as functions of easily measured 

environmental factors. A study was proposed to apply this model on a field ex

periment on sorghum. A closer look must be taken, however, at Kuppers' and 

Schulze's study and their development of the model in order to better understeind 

its application. This chapter provides a detailed summary of the methods, the 

analyses and the results as given in Kuppers and Schulze [9]. 

To develop this model, Kuppers and Schulze did a field gas exchange study 

on two young plants of Pinus silvestris grown in Northern Bavaria where the 

soil is naturally deficient in magnesium (Mg). One plant was treated with 50 g 

magnesium-nitrogen-phosphorus-potassium fertilizer one year before the mea

surements were taken. The gas exchange measurements included steady-state 

response curves under controlled climatic conditions as well as CO2 and E2O 

exchanges under natural climatic conditions. The gas exchange system used was 

described in detail by Schulze and Kuppers [14] and Kuppers [8]. 

The model developed by Kuppers and Schulze is an empirical model based 

on parameters easily measured in the field. The model has been divided into two 

submodels. The first, the photosynthesis submodel, describes the response of 

CO2 uptake to needle (leaf) temperature and irradiance. The second, the stom

atal submodel, describes the responses of leaf conductance to leaf temperature 

and humidity. The two submodels are then combined with the linear relationship 

between the light-dependent stomatal opening and the light dependence of net 

photosynthesis. 
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3.1 Photosynthesis Submodel 

The first part of Kiippers' and Schulze's model is the photosynthesis sub

model which describes CO2 uptake as a function of irradiance and needle (leaf) 

temperature. The first part of this submodel is based on equations developed by 

Landsberg [10] 

A(/,r) = A„, , , ( r)[ l -e-^(^-^^m)], (3.1) 

where A(/_r) is the light response of CO2 assimilation at a certain leaf temperature 

(T), / is irradiance, IC{T) is the light compensation point at T, and a^ is a constant 

determined by an approximation procedure also developed by Landsberg [10]. 

Light-saturated CO2 uptake (Aniax(r)) is assumed to vary with leaf temperature 

by the following relation 

^mBx(T') = 0'2T -f a^T + a/^T + as, (3-2) 

where the constants a2, 03, a^ and a^ are found by polynomial regression. The 

light compensation point (the amount of irradiance that is required for zero net 

photosynthesis) is related to temperature according to 

V ) = ^^"^^"^ (3-3) 

where the constants OQ and 07 are found by linear regression of the logarithm of 

the equation, i.e., 

ln/c(r) = ^6^ + 0-7- (3.4) 

Equations 3.1 through 3.3 make it possible to describe the effects of leaf 

temperature and irradiance on photosynthesis {CO2 uptake) with a model that is 

determined by seven parameters. It should be noted, however, that although ai , 

tte and a-j are linked to biological processes, a2, 03, 04 and as are only polynomial 

regression coefficients and have no apparent biological meaning. The results of 

Kuppers' and Schulze's study are listed in Table 1. 
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Table 1: Parameters used in Equations 3.1 through 3.4 

Parameter 

di 

(12 

0-3 

a4 

as 

de 

a-r 

Unfertilized 

Plant 

-1.720 X 10-2 

-1.013 X 10-^ 

2.168 X 10-2 

0.0523 

0.216 

0.147 

1.787 

Fertilized 

Plant 

- 2.200 X 10-^ 

- 3.928 X 10-5 

-2 .156 X 10-2 

0.1357 

1.556 

0.108 

1.840 

3.2 Stomatal Submodel 

Units 

771̂  s /z moP^ 

IJLmolm-^ s-^ X:-^ 

/xmolm-2 5-^t7-2 

/xmolm-25-^ 'C-^ 

^molm-^f i -^ 
c ^ - l 

Dimensionless 

In the second submodel, the steady-state response of leaf conductance to 

tem.perature and humidity is determined. In the first part, the response of con

ductance to leaf temperature is described as 

g^T) = e'-^^'' (3.5) 

where the constants 61 and 62 are found the same way as Oe and ar. The leaf 

conductance {g) is then described by the following equation 

go - {g'IAw'')Aw 

'^- = l-{2-9o/g')Aw/Aw'- ^'- '^ 

The leaf-air water vapor concentration difference (At:;) is a function of humidity 

(5"), the saturated vapor concentration of the leaf at a given leaf temperature 

(V/), and the saturated vapor concentration of the air at a given air temperature 

{Va). The following relations axe proposed 

and 

Aw = Vi- K j ^ (3-7) 
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where air temperature is given by To, and h and m are known constants. The leaf-

air water vapor concentration difference at which transpiration (^) is maximum, 

is given by Aw' and g' is the corresponding conductance. To determine these 

values, a regression of the equation 

9ll = e^'^^"^^'*^ (3.8) 

is done where 63 and 64 are constants, and an extrapolation to Aw = 0 then 

yields go. Kuppers and Schulze [9] show that all of the parameters are easily 

found by using the following relations 

Aw' = 1 

g' = e-(^^^^), 

and 

90 = e-^*. (3.9) 

The constants found in Equations 3.5 and 3.6 are included in Table 2. With 

the equations in this section, it is possible to predict stomatal conductance as a 

function of the environmental factors leaf temperature and leaf-air water vapor 

concentration difference. 

3.3 Linking the Two Submodels 

The photosynthesis submodel and the stomatal submodel that were proposed 

in the previous two sections can be combined to create a model that will predict 

CO2 uptake and stomatal conductance as fimctions of one another. The sub

models are combined in two ways. First, for any combination of irradiance and 

temperature, g can be calculated as 

^max(r) — 9{A=0,T) A , fo ^^\\ 
9[i,T) = -i ^ -A(^i,T) + 9{A=0,T), (3.10) 

where g{A=o,T) is the leaf conductance at hght compensation for CO2 uptake. It 

was found that conductance when A = 0 could be found by 

9{A=0,T) = PdmaxiT), (3.11) 
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Table 2: Parameters used in Equations 3.5 through 3.15 

Parameter 

bi 

b2 

9o 

9' 
At£?" 

p 

Cl 

C2 

Unfertilized 

Plant 

0.083 

3.209 

133.8 

49.2 

31.8 

0.66 

0.0156 

- 3 . 1 1 8 

Fertilized 

Plant 

0.083 

3.292 

145.4 

53.5 

23.1 

0.33 

0.0208 

- 2.016 

Units 

< ^ - i 

Dimensionless 

mmolm-^ 5--̂  

TDino\m~^ s~^ 

mbax bar-^ 

Dimensionless 

molm"^s-^ 

/xmolTTi"^ 5 - ^ 

where p can be found from the slope of the regression line between conductance 

and photosynthesis. Thus Equation 3.10 can be reduced to 

(1 - P)gmax(r) ^ . fOTn\ 

9{I,T) = 2 ^i^'^) + P9m^x{T)' (3.12) 
-^inax(r) 

Recall that gmax{T) is a function of temperature found by using Equation 3.5 and 

Ajaax{T) is a constant that is determined in Equation 3.1 based on irradiance. 

The second way that Kuppers and Schulze [9] combine the two submodels is 

by the following equation 

A = g^" ( "°" ' + " ' ) , (3.13) 
1600ci + gAw 

which is derived by combining Equations 3.14 and 3.15 as follows 

A = {ca- Ci)gA^/1600 (3.14) 

A = Cl Ci + C2. (3.15) 

Equation 3.13 describes the functional relationship between CO2 assimilation 

{A) and leaf conductance {gAw) where c,- is the internal CO2 concentration, Ca is 

the ambient CO2 concentration (a constant), and Ci and C2 are constants. 
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3.4 Conclusions 

The model proposed in this chapter consists of equations that allow predic

tions to be made about the relationships of photosynthesis and stomatal conduc

tance to several environmental factors. Kuppers and Schulze [9] claim that with 

measured data for irradiance (7), leaf temperature (T), leaf-air water vapor con

centration difference {Aw) and the concentration of CO2 in the cuvette (CQ), all 

of which are easily obtained in a field situation, that results can be predicted for 

CO2 assimilation (A), transpiration (JE^), leaf conductance {g) and leaf internal 

CO2 concentration (c^). In the following chapters, the model will be examined in 

greater detail with data obtained on Sorghum bicolor under field conditions. New 

constants will be found and suggestions will be made on improving the model. 



CHAPTER IV 

RESULTS AND DISCUSSION 

In the previous chapter, a model of gas exchanges as proposed by Kuppers 

and Schulze [9] was examined in detail. The model was applied to field data 

on Pinus sylvestris and the results stated. In this study, the model was applied 

to field data on Sorghum bicolor, an economically important grain crop on the 

South Plains. The acquisition of this data was described in Chapter 2. In this 

chapter, the methods used in applying the Kuppers and Schulze model and the 

results of this analysis are described. An attempt will be made to clarify the 

somewhat confusing notation of the previous chapter. 

Before any analyses were done, the data was divided into two parts according 

to water potential. A difference was found in the response of CO2 uptake to both 

leaf temperature and irradiance between well-watered plants and highly stressed 

plants. There tended to be more CO2 uptake at higher temperatures and at all 

levels of irradiance when plants were well-watered. These results can be seen 

in the Appendix, Figures 3 and 4. Because of this, all results will be separated 

into two categories: non-stressed plants (high water potential) and high stressed 

plants (low water potential). 

4.1 Photosynthesis Submodel 

In developing the first part of the model, photosynthesis will be evaluated as 

a function of irradiance and leaf temperature. In determining the first part of 

this submodel 

AiLT) = A^^T){l - e - ' ( ' - ' - (^ ' ) ) , (4.1) 

an estimate was first obtained of Ic{T) = 100/xmolm-^ 5-^ for the light com

pensation point at T, from prior observations. The light compensation point 

is the level of irradiance required to have zero net photosynthesis. In order to 

determine the remaining constants in Equation 4.1, an attempt was made to use 

14 
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Landsberg's approximation method [10]. This method turned out to be very in

efficient and inaccurate. Instead, the SAS procedure NLIN (nonhnear regression) 

was used to estimate the parameters Am^^T) and a^. Input values for CO2 assim

ilation (A(/,r)) and irradiance (J) were obtained from the data. The results from 

the approximation method were used as starting values. This method yielded the 

results listed in Table 3. With these constants, a prediction for CO2 uptake can 

be made based on irradiance only. A graph of the resulting exponential curves 

can be found in the Appendix, Figure 3. 

A more appropriate way to define Equation 3.2 is as follows 

AT = a2T^ + a^T^ + a4r -f ag, (4.2) 

because Ainax(r) is a constant determined in Equation 4.1 and therefore cannot 

be regressed. The SAS procedure REG (regression) was used to do a simple 

polynomial regression and it was found that the best model was a quadratic and 

not a cubic as Kuppers and Schulze found. Therefore, a2 was set to 0.0. These 

results are listed in Table 3 and a graph of the regression curves can be seen in 

the Appendix, Figure 4. With this equation, a prediction can be made for CO2 

uptake based on leaf temperature only. 

The SAS procedure NLIN was used again in determining the constants in 

Equation 3.3 more appropriately defined as 

Jj, = e'̂ ^̂ '̂̂ ^ (4.3) 

since IC(T) is a constant in Equation 4.1. With these constants, listed in Table 3, 

irradiance can be predicted based only on leaf temperatures. Again, the expo

nential model obtained using the procedure NLIN was more accurate than the 

model obtained using linear regression of the logarithms. The linear regression 

can be used to obtain the starting values needed in this procedure. With this 

equation, a prediction can be made about irradiance based on temperature alone. 

A graph of the results can be found in the Appendix, Figure 5. 

The photosynthesis submodel. Equations 4.1 through 4.3, allow predictions 

to be made about photosynthesis based on a few environmental factors: leaf 

temperature and irradiance. Looking at Figures 3 through 5, however, it can be 

clearly seen that although the regression curves are significant fits to the data, 
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Table 3: Parameters used in the photosynthesis submodel 

Parameter 

^ m a x ( r ) 

a i 

a2 

as 

a4 

^5 

0-6 

a-r 

Non Stressed 

Plants 

35.4206 

6.8097 X 

0.0 

2.5898 

-73.8480 

705.9721 

0.0691 

5.0127 

10-^ 

Stressed 

Plants 

28.2479 

6.7267 X 10-^ 

0.0 

- 0.1254 

7.6319 

-97.2743 

0.0405 

6.0153 

Units 

/xmolm-^.-^ 

771̂  s fi moP^ 

/xmolm-2 5-^*C-2 

fjLinolm'^ s~^ X)~^ 

fi molm"^ 5-^ X)~^ 

/xmol 771-^5"^ 
c ^ - l 

Dimensionless 

there remains a great deal of scatter in the graph. For example, the coefficients 

of determination (r^) in Figure 4 are only 0.069 and 0.047. This means that 

only approximately seven or five percent of the effect on photosynthesis is leaf 

temperature. Therefore, CO2 uptake can be predicted by leaf temperature alone 

according to Equation 4.2, but the results would not be very reliable. The same 

is true for Equations 4.1 and 4.3. 

4.2 Stomatal Submodel 

In the second part of the model, stomatal conductance will be evaluated as 

a function of leaf temperature and leaf-air water vapor concentration difference. 

Although it was shown at the beginning of this chapter that the level of water 

stress had an effect on the response of CO2 uptake to leaf temperature and 

irradiance, it was not shown to have an effect on the response of leaf-air water 

vapor concentration difference (Aw) or conductance to leaf temperature (see 

Figures 6 and 7 in the Appendix). The data was still separated due to water 

stress for this submodel, however, in order to facilitate the combining of the 

submodels. 
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The coefficients of the first equation, written 

9T = e''^^'^, (4.4) 

are also found by the SAS procedure NLIN using the results from a linear re

gression as the needed starting values. The graph of the resulting equation can 

be found in the Appendix, Figure 7, and the constants obtained can be found in 

Table 4. This equation is useful to predict leaf conductance based only on leaf 

temperatures. 

In the previous section, the equations were shown to be predictive, but not 

reliable. That is not so with Equation 4.4. Figure 7 shows limited scatter in the 

data. In fact, the coefficient of determination (r^) is about 0.874. This means 

that about eighty-seven percent of the variation in stomatal conductance is due 

to leaf temperature and the model is reliable. 

The coefficients in the rest of this submodel were determined by the same 

methods as described in Chapter 3. Included in Table 4 are the results of solving 

Equations 3.6 through 3.9. Equation 3.6 can be used to predict leaf conductance 

based on leaf-air water vapor concentration differences and thus on humidity, 

leaf temperature and air temperature. 

4.3 Linking the Two Submodels 

In the previous two sections, photosynthesis and stomatal conductance were 

modeled as functions of environmental factors. The two submodels can then be 

combined by the linear relationship between the light-dependent stomatal open

ing and the light dependence of net photosynthesis ([9], Kuppers and Schulze). 

The resulting model will enable predictions to be made about the reaction of 

CO2 uptake and conductance to each other. 

The parameter p was found as the slope of the regression line between con

ductance and photosynthesis. This line is shown in the Appendix, Figure 8. This 

constant and Equations 4.4 and 3.11 make it possible to then determine the con

ductance given any combination of irradiance and temperature by the following, 

a clearer representation of Equation 3.12 
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Table 4: Parameters used in the stomatal submodel and the combination model 

Parameter 

bi 

b2 

b3 

b. 

9o 
IK 

9 
Aw' 

P 

Cl 

C2 

Non Stressed 

Plants 

0.0299 

7.4023 

0.0210 

- 5.3295 

206.3313 

759.0506 

47.6240 

5.0636 

-0 .1058 

37.3852 

Stressed 

Plants 

0.0244 

7.5731 

0.0230 

- 5.3806 

217.1560 

798.8721 

43.5662 

4.7042 

- 0.0995 

34.2730 

Units 

0 ^ - 1 

Dimensionless 

Dimensionless 

Dimensionless 

mmo\m-^s-' 

mmolm'^s-' 

mbarbar-^ 

Dimensionless 

m o l 771"^ s~^ 

fimolm'^ s~^ 

Recall that A(/,r) is found by Equation 4.1, Ainax(r), is a constant found in Table 3, 

and gx is found by Equation 4.4. 

The above equation determines stomatal conductance given any combination 

of irradiance and temperature. The second way to combine the two submodels 

is to determine CO2 uptake given any combination of humidity and temperature 

(leaf-air water vapor concentration difference Aw) according to 

^ _ 9Aw{CaCi + C2) / ^ gN 

Cl + 9 Aw 

The factor of 1600 in the denominator is missing (see Equation 3.13), since the 

data used was already corrected for this factor. Recall that ^AU; is found by 

Equation 3.6. The constants Ci and C2 were found by the regression of A and the 

internal CO2 concentration, Ci 

A = CiCi-\- C2, (4.7) 

and Ci can be found by 

Ci = Ca-
A(/,r) (4.8) 
9A w 
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which is taken from Equation 3.14. A graph of the relationship between A and 

Ci can be found in the Appendix, Figure 9. The constants Ci and C2 can be found 

in Table 4. 

A comparison of Figures 8 and 10 shows an interesting relationship between 

CO2 uptake and stomatal conductance. Figure 8 shows a graph of scattered data 

with the regression lines that were used to determine the parameter p. The regres

sion lines are highly significant but the coefficient of determination is only 0.24 for 

well-watered plants and 0.23 for stressed plants. This shows that approximately 

twenty-four percent of the variation in conductance is due to photosynthesis. 

Figure 10 shows the relationship between photosynthesis and conductance that 

has been corrected for leaf-air water vapor concentration difference {Aw). This 

is the relationship implied in Equation 4.6. The linear regression lines were not 

significant, but the quadratic regressions were. The coefficients of determination 

for the quadratic relationship were even lower than for the first case: 0.14 and 

0.11. Therefore once again, the equations of the model allow predictions to be 

made which are statistically significant but have very little biological meaning. 

4.4 Conclusions 

The Kuppers and Schulze model [9] was applied to the field data on sorghum. 

The results were statistically significant in every case; however due to a large 

amount of scatter in the data which is represented by the very low coefficients of 

determination, the results had little biological meaning. For example, photosyn

thesis can be predicted by leaf temperature alone, but the results would be very 

unreliable. In the following chapter, there will be a discussion of the problems in 

the model and in the acquisition of the data. The results and the implications 

for grain sorghum is also discussed. 



CHAPTER V 

SUMMARY AND CONCLUSIONS 

In this thesis, a model was introduced and applied to a field experiment 

conducted on a commercially important grain, Sorghum bicolor. This chapter wiU 

compare the results of Kuppers and Schulze [9] and the results of this study. A 

discussion of the limitations of the model, its possible applications, and problems 

with the acquired data is also included. 

The study done by Kuppers and Schulze had many limitations due to the size 

of the study and the small amount of data that was taken. Only two young plants 

were used, all the data was taken in a month, and part of the data was taken 

under controlled conditions. It is not surprising that the results were highly 

consistent. The data in this sorghum study, however, was taken completely 

under field conditions during an entire growing season under a broad range of 

environmental conditions. There was also approximately fifty times more data 

taken in this study than in the Kuppers and Schiilze study. It would seem that 

the results of the sorghum study are more statistically significant, and of even 

more importance, they are much more biologically significant. 

One difficulty did arise in examining the data. As described in Chapter 2, 

most of the data used here was taken with a porometer. The porometer is simply 

attached to the leaf for several seconds and the data is automatically recorded. 

The leaf is then inverted and the process is repeated. Five out of the six recorded 

parameters are accurately recorded no matter what position the porometer is in. 

In measuring the irradiance, however, the device must be perpendicular to the 

ground and must be used only when the sun is not obscured. Much of the data 

was not usable because these procedures were not followed. The most common 

error occurred in measuring the bottom part of the leaf. It was not always 

possible to completely invert the leaf without breaking it from the stem. In 

these cases, only the measurement on the top of the leaf was relevant. The data 

that was obviously in error was omitted, but there were cases in which this was 

20 
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difficult to determine. This factor may account for some of the variabiHty when 

irradiance is concerned. 

Despite the different problems with the two studies, the results are surpris

ingly similar. In comparing Tables 1 and 3, recall that constants a2 through ag 

are not biologically significant and do not have to be similar. The other con

stants, however, differ only enough to account for a difference in species type 

(Krieg [6]). Comparison of Tables 2 and 3 leads to the same conclusions. 

Although the results of the two studies axe similar, this does not lead to the 

conclusion that the model is entirely accurate. Kuppers and Schulze [9] do not 

mention in theiir article the variability of their residts. It was merely stated for 

example, that CO2 uptake could be predicted from temperature only, according 

to equation 3.2. By examining most of the graphs in the appendix, however, it 

can be clearly seen that although the regression curves are significant fits to the 

data, there remains a great deal of scatter in the graph. In reality, the coefficients 

of determination (r^) are always quite low. For example, CO2 uptake can be 

predicted by leaf temperature alone according to Equation 4.2 (see Figure 4 in 

Appendix 1), but the results would not be very reliable. The same is true for the 

majority of the equations. Perhaps Kuppers and Schulze [9] did not have such 

variability in their data due to the size of their data set, but it is not mentioned 

in the paper. 

As discussed in Chapter 2, gas exchange in plants is a very complicated 

process influenced by many environmental factors. Kuppers and Schulze [9] state 

that the most important are leaf temperature, humidity and irradiance, and with 

these factors alone, levels of gas exchanges can be established. This study has 

shown, however, that this is not always true. At least in the case of grain 

sorghum, there is too much variability in photosynthesis and conductance to be 

explained by only a few factors. Perhaps several factors need to be considered in 

order to get a biologically meaningful prediction. 

The model has been shown to be statistically significant, but particularly in 

the photosynthesis submodel, the results were not biologically meaningful. The 

equations in this submodel had low coeflicients of determination and CO2 uptake 

could not be predicted reliably from either leaf temperature or irradiance. If 
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these environmental factors were the most important factors involved in the rate 

of CO2 uptake, there would be a reduced degree of variability in these equations. 

In Chapter 2, it was suggested that grain sorghum, an economically impor

tant crop in the South Plains, might be varied genetically in order to maximize 

production while minimizing water loss. This is especially important in the semi-

arid areas in which sorghum is usually grown. Krieg [7] suggested that if stomata 

were not the primary limitation to photosynthesis, then this would be possible. 

It has been shown that environmental factors have little effect on the variability 

and now it needs to be shown that stomatal conductance also has little effect on 

the variability. 

Kuppers and Schulze [9] claim that the equations in the Hnked model would 

allow predictions of CO2 uptake to be made from data on stomatal conductance 

and vice versa. It was shown, however, that these are not biologically meaningful 

equations. In fact, only about eleven to fourteen percent of the variation in 

photosynthesis can be predicted by stomata. This would mean that stomata are 

not the primary limitation to photosynthesis. 

According to Krieg [7], since stomata are not the primary limitation to CO2 

exchange, it should be possible to vary sorghum genetically. An attempt should 

be made to develop an optimal strain. For a grain that is primarily grown in 

semi-arid areas, an optimal strain would maximize yield while minimizing water 

loss. 

In conclusion, the Kuppers and Schulze empirical model of gas exchange 

(Kuppers and Schulze [9]) has been found to be limited in its usefulness. Pre

dictions may be made, but with unreliable results. It was found, however, that 

since stomata are not the primary limitation to photosynthesis, that it would be 

possible to vary sorghum genetically in order to develop an optimal strain. 
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guard cells 

epidermis 

Figure 1: Diagram of a typical stomate. Arrows show direction of water move

ment. 
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epidermal 
cell 

Figure 2: Cross section of a typical leaf indicating direction and rates of fluxes 

of gases and factors determining these rates. 
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Figure 3: Graph of CO2 uptake {\Lmolm~'^s~^) versus irradiance {\Lmolm~^s~^). 

SoHd line and squares represent non-stressed plants and the dashed line and stars 

represent stressed plants. 
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Figure 4: Graph of CO2 uptake {y.molm~'^s~^) versus leaf temperature (°C). 
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Figure 5: Graph of irradiance {fimolm'^s'^) versus leaf temperature {°C). Sohd 

line and squares represent non-stressed plants and the dashed line and stars 

represent stressed plants. 
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Figure 6: Graph of leaf-air water vapor concentration difference {mbar bar~^) 

versus leaf temperature {°C). Solid line represents non-stressed plants and the 

dashed line represents stressed plants. 
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(°C). Solid line and squares represent non-stressed plants and the dashed line 

and stars represent stressed plants. 
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Figure 8: Graph of stomatal conductance (/xmo/m"^5~'^) versus CO2 uptake 

{\Lmolm~'^s~^). Solid line and squares represent non-stressed plants and the 
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